Magnetization dynamics in alloys of ferrimagnetic CoGd have been studied in the vicinity of the magnetization and angular momentum compensation point as a function of alloy composition and temperature. In agreement with standard mean-field treatments of the dynamics of the total magnetization we observe an increase of the precessional frequency and the effective damping parameter near the angular momentum compensation point. We demonstrate the consistency of the magnetization dynamics extracted from frequency domain methods such as ferromagnetic resonance and time resolved laser pump-probe measurements. DOI: 10.1103/PhysRevB.74.134404 PACS number͑s͒: 75.40.Gb, 75.50.Gg, 76.50.ϩg Transition metal ͑TM͒ rare earth ͑RE͒ ferrimagnets are ideal canonical systems to probe magnetization dynamics. Typically, TM-RE alloys are nearly amorphous materials. The TM sublattice is antiferromagnetically ͑AF͒ coupled to the RE sublattice. When the coupling is strong, as, e.g., in CoGd, there are two transition temperatures, the magnetization compensation temperature T M where M Gd = M Co , and the angular momentum compensation temperature T L , where M Gd / ␥ Gd = M Co / ␥ Gd , and ␥ is the gyromagnetic ratio. These temperatures are sensitive functions of the relative concentration. At the magnetic compensation temperature, applied magnetic fields cannot couple to the magnetization to alter its energy since M Gd − M Co = M eff = 0. Angular momentum is quenched at the angular momentum compensation point, where the AF coupled sublattices gyrate 180°out of phase about the magnetic field. Studying the dynamics in ferrimagnetic systems are complicated by these tightly coupled AF sublattices. As T L is approached from low temperatures, the phenomenological mean-field damping parameter ␣ eff which governs how fast the system as a whole dissipates energy increases quickly, and the gyromagnetic frequency changes sign as the angular momentum of the dominant sublattice changes from Gd to Co. An ideal ferrimagnet should dissipate angular momentum instantaneously at T L .
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Typically, TM-RE alloys are nearly amorphous materials. The TM sublattice is antiferromagnetically ͑AF͒ coupled to the RE sublattice. When the coupling is strong, as, e.g., in CoGd, there are two transition temperatures, the magnetization compensation temperature T M where M Gd = M Co , and the angular momentum compensation temperature T L , where M Gd / ␥ Gd = M Co / ␥ Gd , and ␥ is the gyromagnetic ratio. These temperatures are sensitive functions of the relative concentration. At the magnetic compensation temperature, applied magnetic fields cannot couple to the magnetization to alter its energy since M Gd − M Co = M eff = 0. Angular momentum is quenched at the angular momentum compensation point, where the AF coupled sublattices gyrate 180°out of phase about the magnetic field. Studying the dynamics in ferrimagnetic systems are complicated by these tightly coupled AF sublattices. As T L is approached from low temperatures, the phenomenological mean-field damping parameter ␣ eff which governs how fast the system as a whole dissipates energy increases quickly, and the gyromagnetic frequency changes sign as the angular momentum of the dominant sublattice changes from Gd to Co. An ideal ferrimagnet should dissipate angular momentum instantaneously at T L . 1, 2 CoGd was chosen for this study because T M and T L are very close to each other, and the intrinsic orbital moment of Gd is essentially zero, thereby eliminating additional loss channels due to spin-orbit coupling. 3 We compare experimental results obtained by a frequency domain method used to study the dynamics of the total magnetization of M eff -namely, ferromagnetic resonance ͑FMR͒-to time domain ultrafast laser pump/probe experiments.
The most straight forward method to excite magnetization dynamics uses strong magnetic field pulses that couple directly to the magnetization ͑spin͒. 4, 5 These field pulses are typically produced by external sources. However, these methods cannot excite the magnetization at the magnetization compensation point in a ferrimagnet since there is no net magnetic moment one can couple to. Another method to excite spin-systems employs ultrashort laser pulses that alter the magnetic system by heating across a critical temperature ͑Curie, Néel, or compensation temperature͒, 6, 7 by altering the equilibrium direction of the magnetization, 8 or by driving current directly through photon absorption in a semiconductor underlayer. 9 In the CoGd samples studied in this paper the laser pulses predominantly excite ͑and probe͒ the Co sublattice since the corresponding spin-split bands are close to the Fermi level ͑E F ͒. By contrast, the spin-split bands in Gd are spatially localized and lie ϳ8 eV below E F . 10, 11 In the case of pure optical excitation, the laser pulse rapidly disturbs electrons near E F in the sample. After thermalization, energy is subsequently transferred to the spin and phonon systems leading to a sudden change of the magnitude and/or direction of the internal magnetic field. Apart from ultrafast demagnetization, the modified internal field can cause the magnetization to precess around a new equilibrium position thereby triggering the observed precessional motion of the magnetization. 8 In this article we focus on the precessional motion of the magnetization and its damping behavior on ps time scales. The unique capability of ultrafast optical pumping allows us to excite the ferrimagnetic system at the compensation points and to explore the dynamics. We observe the expected increase of both the precessional frequency and mean-field effective damping parameter near the compensation points and are able to excite the ferrimagnetic system with the laser pulses in the vicinity of both, the magnetization and angular momentum compensation point. Even when H C exceeds our maximum external applied field and we are not able to record dc-hysteresis curves, it is still possible to excite and observe magnetization oscillations of the Co sublattice.
At the magnetization compensation point the coercivity becomes large in a ferrimagnet and it is essentially impossible to change the direction of the magnetization. However, in a pulsed laser heating experiment the laser predominantly couples to the electrons near E F . In the CoGd ferrimagnet the Co moment is mostly carried by the spin-split 3d band near E F . The effective moment of Gd close to E F comprises less than 5% of Gd's total moment which is principally contained in the deep spin-split 4f states. 10 Note that static hysteresis loops change sign as one passes T M from one side of the magnetization compensation point to the other ͓see hysteresis loops in Fig. 1͑b͒ below and above the magnetic compensation temperature͔. The laser pulse energy is initially deposited into the Co sublattice near E F . When the Co sublattice-which is AF exchange coupled to the Gd subsystem by an exchange field well in excess of 50 kOe-is excited, the Gd follows its precessional motion 180°out of phase. In the specific case when the system is fully compensated, the total saturation magnetization equals zero ͑M eff =0͒ irrespective of whether the moments are moving or not. Thus, with a measurement that is sensitive to the total magnetization M eff it is difficult if not impossible to investigate the dynamics of the independent sublattices near the compensation point. By contrast, in the laser pump-probe experiment, both the excitation and the probe pulses couple predominantly to the transition metal and the persistence of magnetization oscillations of the two coupled sublattices at the magnetization compensation point does not violate the mean-field M eff = 0 constraint. Thus, the pump/probe technique can reveal the magnetization dynamics of a system with zero total local magnetic moment.
We use three sets of amorphous CoGd samples. Sample ͑A͒ was grown on Si͑111͒ with native oxide using rf sputtering and provided a continuous concentration gradient across the wafer ͑1.43 percent/ mm͒ that was confirmed using x-ray analysis. A second gradient sample ͑B͒ was grown on GaAs͑100͒ with a concentration gradient reduced by roughly a factor of 10 to ͑0.16 percent/ mm͒ in order to better resolve the compensation points. Details of the dc-sputtering procedure for gradient samples have been previously described. 12 The film thickness was about 3000 Å. Samples A and B were capped with transparent Al 2 O 3 layers to prevent oxidation. A third sample ͑C͒ with fixed composition was prepared in order to study the magnetization dynamics as a function of temperature with time-resolved ͑TR͒ Kerr-microscopy ͑MOKE͒. This sample was deposited by cosputtering from single element targets on a SiN-coated Si substrate. A 1200 Å thick Au heatsink layer was deposited prior to the deposition of the CoGd film. The film thickness was 300 Å, and the composition of the Co 1−x Gd x films was adjusted to about x = 0.22 such that T M was just above room temperature.
The static magnetic properties were measured using the magneto-optic Kerr effect, vibrating sample magnetometry ͑VSM͒, and by superconducting quantum interference device magnetometry ͑SQUID͒. The static properties are summarized in Fig. 1 where we plot the remanent magnetization as a function of temperature and Co concentration ͓Fig. 1͑a͔͒ and the coercive field as a function of temperature and Co concentration ͓Fig. 1͑b͔͒. In addition typical hysteresis loops below and above T M are shown. We observe the magnetization compensation temperature T M at room temperature at a Co concentration of 77.5% for sample set ͑B͒. In sample sets ͑A͒ and ͑C͒ the room temperature compensation occurs at slightly different concentrations. For the CoGd alloy the angular momentum compensation temperature T L lies close to T M as the gyromagnetic ratios of Co and Gd are almost equal.
For dynamic measurements we focus on samples where T M lies close to room temperature. The dynamic properties in the frequency domain were characterized with FMR at 22 GHz between 250 and 380 K. We also use a vector network analyzer VNA-FMR system described in Ref. 13 which allows us to perform FMR measurements probing only a 90 micron wide stripe of the sample at frequencies between 45 MHz and 20 GHz. Figure 2 summarizes the frequency domain data obtained from VNA-FMR and FMR using sample set ͑B͒. We plot the effective g factor extracted from the VNA-FMR frequency measured in an external field of 900 Oe as a function of Co concentration ͑75.5 percent to 80.0 percent͒ in Fig. 2͑a͒ and observe the characteristic increase of the measured resonance frequency for eff = ␥ eff H eff with ␥ eff = g eff ͉ e ͉ /2m e c for M eff at a Co concentration of ϳ78% ͑similar results were obtained using Brillouin Light Scattering ͑BLS͒ but are not shown here͒. This frequency increase is expected from a mean field model since the equation of motion for the coupled ferrimagnetic system reads Here, ␥ eff is
and ␣ eff is
Thus, the ferromagnetic resonance frequency can be described by eff ͑T͒ = ͉␥ eff ͑T͉͒H eff . ͑4͒
The exchange resonance frequency is given by 14
with the Weiss constant ex . Close to T M and T L the total magnetic system becomes stiffer and the ferromagnetic resonance frequency eff becomes large. In real samples the singularity in ␥ eff is bounded due to sample inhomogeneity ͑RE concentration͒ and temperature gradients as the temperature approaches T L . Furthermore, the exchange mode frequency is expected to tend to zero. In Fig. 2͑b͒ we plot the measured ␣ eff which also increases around the angular momentum compensation point. When we convert the linewidth to the damping parameter according to ␣ eff = ⌬f / f we observe a significant increase of ␣ eff . Figures 2͑c͒ and 2͑d͒ report the results obtained from FMR measurements as a function of temperature. We show the extracted effective g factor g eff and the effective damping parameter ␣ eff . Again a clear signature of the ͑quasi͒ divergence of g eff and the increase of ␣ eff in the vicinity of the compensation points can be observed. The red line in Fig. 2͑c͒ corresponds to a fit using Eq. ͑2͒. Based on the SQUID measurements ͓see Fig. 1͑a͔͒ we chose a linear decreasing magnetization for both sublattices with increasing temperature T for the fit. The saturation magnetization at T = 0 K and the g factor are M s Co = 1400 emu/ cm 3 ͑Ref. 15͒ and g Co = 2.18 ͑Ref. 16͒ for Co and M s Gd = 2060 emu/ cm 3 ͑Ref. 15͒ and g Gd =2 ͑Ref. 17͒ for Gd, respectively. Due to the concentration gradient present in the sample the magnetization can never be completely compensated in the FMR measurements. For sample ͑B͒ the concentration gradient leads to a spread of RE concentration of about 0.2% and corresponds to a spread of T L of about 20 K according to Hansen et al. 18 This effect was taken into account for the fit. We find a separation of T M and T L of about 30 K. As can be seen in Fig. 2͑c͒ the fit reproduces the FMR   FIG. 2 . ͑Color online͒ Left: ͑a͒ and ͑b͒ Data obtained from VNA-FMR measurements as a function of CoGd alloy composition. ͑a͒ Effective g factor g eff , ͑b͒ effective damping parameter ␣ eff . Measurements were performed at room temperature and in an applied field of 0.9 kOe for VNA-FMR. Right: Data extracted from temperature dependent FMR measurements at 22 GHz. ͑c͒ Effective g factor g eff vs temperature and ͑d͒ effective damping parameter ␣ eff vs temperature. The red line in ͑c͒ corresponds to a fit of g eff using Eq. ͑2͒. All data shown in this figure were obtained from sample set ͑B͒.
FIG. 3.
͑Color online͒ Experimental setup used for the time resolved Kerr effect measurements. The right panel shows time domain data obtained with this setup using sample ͑A͒ above the compensation point at an external inplane bias field of 1000 Oe. The solid line is a fit to the data using an exponentially decaying sine function. measurements reasonably well. Assuming the same parameters and a typical value of 1 ϫ 10 4 for ex , 14 Eq. ͑5͒ predicts the optical exchange mode with a minimum frequency of 980 MHz around the angular momentum compensation temperature T L .
In the laser pump/probe experiment, we use a 840 nm ͑1.48 eV͒ laser pulse with 170 fs duration at 260 kHz repetition rate delivered by an amplified Ti:Sapphire laser system to trigger the precession of the magnetization in an externally applied field. The heating pulse is focused into a 50 m diameter spot and a pump fluence of 15 mJ/ cm 2 is used. The precession of the magnetization is monitored using the polar Kerr effect with a frequency doubled laser pulse from the same laser system at 420 nm ͑2.95 eV͒ focused into a beam diameter of 15 m resulting in a low fluence of 1.5 mJ/ cm 2 , as illustrated in Fig. 3 . Pump and probe beams are delayed with respect to each other by using an optical delay line providing subpicosecond temporal resolution. Typical time domain data obtained with this setup are shown in the right panel of Fig. 3 .
In these experiments the pump laser power is predominantly absorbed by the Co sublattice leading to changes in the equilibrium magnetization causing it to precess ͓see Figs. 3 and 4͔. As the two sublattices are strongly AF coupled, we expect the Gd sublattice to precess 180°out-of-phase with respect to the Co sublattice. The probe pulse also predominantly samples the Co sublattice. This is substantiated by the fact that when measuring static hysteresis loops as a function of temperature or sample composition, the loops flip when crossing the magnetization compensation point indicating when the majority ͑larger M͒ sublattice is aligned with an externally applied field ͓see inset Fig. 1͑b͔͒ . We also observe a phase shift in the precession of 180°when crossing the angular momentum compensation point from low temperature ͓see inset in Fig. 4͑a͔͒ . This is expected since the dominant sublattice determines the sense of the gyromagnetic rotation and at the compensation temperature it changes from Gd to Co. To further investigate the magnetization dynamics in the vicinity of the compensation points we now focus on a sample ͑C͒ with constant composition of 78% Co. From VSM measurements we expect T M to be around 390 K in this sample. This is confirmed by the time-resolved pump/probe experiments, see the large frequency increase in the vicinity of the compensation temperature in Fig. 4͑a͒ . The decay time decreases by about 50%, see Fig. 4͑b͒ . The corresponding increase in ␣ eff is shown in Fig. 4͑d͒ using the relation =2/͓␥ eff ␣ eff ͑M S +2H͔͒. Note that the temperature increase by the laser heating ͑approximately 50 K͒ is included in the temperature presented here. The peak of the damping parameter at the angular momentum compensation point is more pronounced in the data obtained using sample set ͑A͒, see Fig. 4͑e͒ . In this case TR-MOKE was used to measure ␣ eff as a function of the Co concentration at room temperature.
The loss mechanisms are regulated by the Gilbert damping constant in the Landau-Lifshitz-Gilbert equation. In the two sublattice mean-field model adopted to characterize a ferrimagnetic system, the effective damping parameter ␣ eff becomes large at the angular momentum compensation point T L .
Since the mean-field model contains no explicit changes that modify how each individual sublattice's angular momentum might couple into or out of the system 19 one can expect the intrinsic ͑spin-orbit dominated͒ damping rates to remain essentially constant. 2 The increased frequency and damping constant are consistent with mean field models. Regardless how the magnetic film was excited, by an external magnetic field ͑FMR͒ or an optical laser pulse ͑TR-MOKE͒, similar results are obtained. The temperature dependence of the TR-MOKE results by Stanciu et al. 20 agree with our findings. We also find the increase of the precessional frequency f and of the damping parameter ␣ eff at the angular compensation point T L . However, in contrast to their results we do not observe any evidence of a high frequency optical exchange mode. Far from the compensation region the optical ex- FIG. 4 . ͑Color online͒ Summary of the time resolved pump/ probe data. In ͑a͒ and ͑b͒ we report the measured frequency and decay time of the oscillations of the magnetization as a function of temperature for sample ͑C͒ ͑Co 78 Gd 22 ͒. The measurements are carried out in a field of 2200 Oe applied at 30°with respect to the film normal. Again, the data is extracted from traces similar to those shown in the inset. In the inset the black ͑upper͒ trace corresponds to data taken just below the angular momentum compensation point, while the red ͑lower͒ data corresponds to data taken slightly above the angular momentum compensation point. Notice the 180°p hase shift in the precession of the magnetization. The error bars are obtained by the scatter of the fit results when using different methods to remove the background. The red horizontal bars indicate the position of the compensation region as determined from the divergence of the coercive field in static hysteresis loops and uncertainties in the temperature of the sample. ͑c͒ and ͑d͒ show the corresponding effective g factor g eff and damping constant ␣ eff . ͑e͒ shows the dependence of ␣ eff vs Co concentration for sample ͑A͒.
change mode is in the range of several THz. The mean field model Eq. ͑5͒ predicts that the frequency of the exchange mode drops to zero at the angular momentum compensation point. As a consequence of temperature and concentration gradients ͑laterally as well as across the film thickness͒ the divergence of the resonance frequency around the angular momentum compensation point is always limited ͑see Figs. 2 and 4͒. Based on the mean field model which leads to the fit shown in Fig. 2͑c͒ we expect that the exchange mode frequency does not drop below several hundred GHz at T L in our samples. It seems unlikely that in our pump probe TR-MOKE experiments the optical mode can be excited coherently. This is probably the reason why we never observed the exchange mode.It may be possible to detect this mode in BLS since there the thermal excitation is measured and coherence is not required.
In conclusion, we have analyzed the damping behavior of a model ferrimagnetic system in the vicinity of the magnetization and angular momentum compensation point. We have shown that by using complementary techniques it is possible to study the damping behavior of the total system and of the Co sublattice in detail. We observe a large increase in precessional frequency and damping for the total magnetization in the frequency and the time domain. The time domain study shows that an all optical control of the magnetization dynamics in the vicinity of the compensation point may be feasible. Ferrimagnets close to the compensation points are therefore well suited for high speed manipulation of the magnetization and may be of interest to magneto-optic recording applications.
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